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INTRODUCTION
Organonitrogen herbicides include some of the most widely used agricultural pesticides (Gianessi and others, 1986) . They also are the most frequently detected pesticides in ground water in the United States (Hallberg, 1989) and Europe (Leistra and Boesten, 1989) . The traditional method for determining residues of these herbicides in natural-water samples involves liquid-liquid extraction with an organic solvent followed by analysis by gas chromatography with nitrogen-phosphorus detection, using two columns for confirmation of herbicide identity.
Recently, methods for herbicide analysis using solid-phase extraction (SPE) as an alternative to liquid-liquid extraction have been described (Bagnati and others, 1988; Bellar and Budde, 1988; Eichelberger and others, 1988; Junk and Richard, 1988; Battista and others, 1989; Brooks and others, 1989; DiCorcia and others, 1989; Sandstrom, 1989; Thurman and others, 1990) . These SPE methods are attractive because they are rapid, efficient, use less solvents than liquid-liquid extraction, and consequently have lesser laboratory expenses. The SPE methods can be conducted at the field site, which enables processing of samples with labile analytes or processing samples at remote sites. In addition, the SPE methods can be automated by using laboratory robotic systems that do all or part of the sample-preparation steps. Some of these SPE methods also incorporate the use of a gas chromatograph/mass spectrometer (GC/MS) operated under full scan and in a selected-ion monitoring (SIM) mode for confirmation and quantitation of herbicides. The GC/MS is a more sensitive and more specific detector than is the nitrogen-phosphorus detector.
This report describes a method for determining organonitrogen herbicides developed by the U.S. Geological Survey for use in the Survey's National Water Quality Laboratory. The method incorporates SPE for removal of the herbicides from water samples and a GC/MS operated in the SIM mode for selective confirmation and quantitation of the herbicides. The method supplements other methods of the U.S. Geological Survey for determination of organic substances in water that are described by Wershaw and others (1987) . The method was implemented in the National Water Quality Laboratory in March 1991.
This report provides a detailed description of all aspects of the method from sampling protocol through calculation and reporting of results. Precision and accuracy data, and method detection limits for 23 organonitrogen herbicides and 2 metabolites of atrazine--desethylatrazine and desisopropylatrazine--are presented.
ANALYTICAL METHOD

Parameters: Organonitrogen herbicides, dissolved, O-1121-91
(See table 1 for codes.)
Scope and application
This method is suitable for the determination of selected organonitrogen herbicides and metabolites in natural-water samples containing at least 0.05 µg/L of each herbicide or metabolite. The method is applicable to herbicides and metabolites that are: (1) Efficiently partitioned from the water phase onto an octadecyl (C-18) organic phase that is chemically bonded to a solid inorganic matrix; and (2) sufficiently volatile and thermally stable for gas chromatography. Suspended particulate matter is removed from the samples by filtration, so this method is suitable only for dissolved-phase herbicides and metabolites. The method was used to determine the concentrations of the 23 herbicides and the 2 metabolites of atrazine--desethylatrazine and desisopropylatrazine--listed in table 1. The 23 herbicides are those in the current (1991) National Water Quality Laboratory schedule 1389, which includes herbicides added to the schedule as part of the U.S. Geological Survey's National Water Quality Assessment Program.
Previously completed development of the method (Sandstrom, 1989) , as well as other comparable methods (Thurman and others, 1990 ) served as background for this report. Testing of the method included adjustment of sample volume and final extract volume to optimize recovery of the herbicides, especially the metabolites of atrazine--desethylatrazine and desisopropylatrazine.
Summary of method
2.1 Water samples (100 mL) are filtered to remove suspended particulate matter. Glass-fiber filters with a nominal 0.7-µm pore diameter or disposable, in-line filter units, containing a nylon membrane with a nominal 0.45-µm pore diameter depending on the concentration of the suspended particulate matter in the water samples, are used.
2.2 Filtered water samples are pumped through disposable, polypropylene SPE cartridges containing 0.5 g of porous silica coated with a C-18 organic phase that is chemically bonded to the surface of the silica.
2.3 The SPE cartridges are dried using a gentle stream of carbon dioxide to remove interstitial water.
2.4 The adsorbed herbicides and metabolites are removed from the SPE cartridges by elution with 1.8 mL of hexane-isopropanol (3:1).
2.5 The eluant is further evaporated using a gentle stream of nitrogen to a final volume of 100 µL.
2.6 Extracts of the eluant are analyzed by a capillary-column GC/MS operated in the SIM mode.
Interferences
Organic compounds having gas-chromatographic retention times and characteristic ions with a mass identical to those of the herbicides and metabolites of interest may interfere. 4.1.13.1 GC conditions: oven, 100°C (hold 5 minutes), and then program to 240°C at 6°C/min, then hold for 7 minutes; injection port, 240°C; carrier gas, helium; injection volume, 2 µL, splitless injection. 4.1.13.2 MS conditions: interface, 235°C; dwell time 20 milliseconds; mass ions monitored are listed in table 2 (in section 8 later in the report).
Reagents and consumable materials
5.1 Helium carrier gas, as contaminant free as possible (Grade 5).
5.2 Carbon dioxide gas for drying, high purity. 5.8 Solvents: Hexane, isopropanol, methanol, and reagent water; B&J Brand, high-purity pesticide quality or equivalent.
5.9 Disposable glass capillaries, to fit the 50-and 100-µL, fixed-and variable-volume micropipettes; VWR Scientific. The glass capillaries are precleaned by baking at about 350 o C for 2 hours. 5.10 Stock standard solutions. Obtain the herbicides, metabolites, and internal standard either as pure materials from the U.S. Environmental Protection Agency's Pesticide and Industrial Chemicals Repository or as certified solutions from commercial vendors. If pure materials are obtained, prepare standard solutions by diluting 5 to 10 mg of the pure material with toluene in a 5-or 10-mL volumetric flask.
5.11 Primary fortification and dilution standard solutions. Use the individual stock standard solutions to prepare low-concentration (5 ng/µL) and high-concentration (12.5 ng/µL) primary fortification and dilution standard solutions. Prepare these solutions by combining appropriate volumes of the stock standard solutions in a 2-or 5-mL volumetric flask and diluting with methanol. Add a 100-µL aliquot of the low-concentration or high-concentration solution to a 2-L water sample to obtain concentrations of 0.25 or 1.25 ng/µL for the method performance-evaluation studies. Use part of the high-concentration solution to prepare the calibration solutions.
5.12 Fortification solution of the polyaromatic hydrocarbon (PAH) internal standard. Prepare a solution of phenanthrene-d 10 in toluene at a concentration of 50 ng/µL by diluting the stock standard solutions. Use part of this solution to prepare the calibration solutions. Dilute part of this solution to 5.0 ng/µL (add 200-µL to a 2-mL volumetric flask containing water) and use for adding to the sample eluants after nitrogen evaporation of the eluants to about 100 µL.
5.13 Surrogate standard solution. Prepare a solution of terbuthylazine in methanol at a concentration between 1.0 to 2.0 ng/µL. Add this solution to each sample prior to extraction by the SPE method (a 50-µL aliquot of this solution added to 100 mL of the sample should result in a concentration of between 0.5 to 1.0 µg/L of the surrogate).
5.14 Calibration solutions. Prepare a series of six calibration solutions in hexane-isopropanol (3:1) that contain all herbicides and metabolites at concentrations from 0.05 to 10.0 ng/µL and the PAH internal standard at a constant concentration of 0.25 ng/µL. Prepare these calibration solutions by appropriate dilutions of the high-concentration (12 ng/µL) primary fortification and dilution standard solution.
Sampling methods, sample-collection equipment, and cleaning procedures
6.1 Sampling methods. Use sampling methods capable of collecting water samples that accurately represent the water-quality characteristics of the surface water or ground water at a given time or location. Detailed descriptions of sampling methods used by the U.S. Geological Survey for obtaining depth-and width-integrated surface-water samples are given in Edwards and Glysson (1988) and Ward and Harr (in press ). Similar descriptions of sampling methods for obtaining ground-water samples are given in Hardy and others (1989) .
6.2 Sample-collection equipment. Use sample-collection equipment, including automatic samplers, that are free of plastic tubing, gaskets, and other parts that might leach interferences into water samples or sorb the herbicides and metabolites from the water. Use refrigerated, glass sample containers in automatic samplers that composite samples over time.
6.3 Cleaning procedures. Wash all sample-collection equipment with phosphate-free detergent, rinse with distilled or tap water to remove all traces of detergent, and finally rinse with high purity methanol (contained in a Teflon squeeze-bottle). Clean all sample-collection equipment before each sample is collected to prevent contamination of the samples. 7. Gas chromatograph/mass spectrometer performance 7.1 Gas chromatograph performance evaluation
The gas chromatograph performance normally is indicated by peak shape and by the variation of the target-compound (herbicide or metabolite) response factors relative to response factors obtained using a new capillary column and freshly prepared calibration solutions. If peak shape deteriorates or if response factors fail to meet the calibration criteria, either change the injection liner or perform maintenance on the capillary column to bring the gas chromatograph into compliance. Part of the inlet end of the capillary column can be removed to restore performance.
7.2 Mass spectrometer performance evaluation 7.2.1 Check the mass spectrometer prior to the analysis of any samples and every 24 hours thereafter during a series of analyses to ensure mass spectrometer performance according to the perfluorotributylamine (PFTBA) criteria outlined below. In addition, initially adjust the mass spectrometer to ensure that the established reporting level for each target compound can be achieved. 7.2.2 Tune the mass spectrometer daily using the procedure and standard software supplied by the manufacturer. Parameters in the tuning software initially optimize the resolution at masses 69, 131, 264, and 502 in the spectrum of PFTBA. Manually adjust the resolution so that the 131 and 219 ions are 100 ± 20 percent, and the 414 ion is 10 ± 5 percent relative to the abundance of the 131 and 219 ions.
Calibration
8.1 Initial calibration data are acquired by using a new capillary column and freshly prepared calibration solutions. These data are used in subsequent evaluation of the GC/MS performance.
8.2 Prior to the analysis of each sample set and every 24 hours thereafter during a series of analyses, analyze and evaluate a calibration solution (or solutions) containing all of the target compounds to ensure that the GC/MS performance is in compliance with the established criteria.
8.3 Acquire data for each calibration solution by injecting 2 µL of each solution into the GC/MS according to the GC/MS conditions described in paragraph 7.2. Calculate the relative retention time for each target compound and the surrogate compound (RRT c ) in the calibration solution or in a sample as follows:
where RT c = uncorrected retention time of the quantitation ion of the target compound or surrogate compound; and RT i = uncorrected retention time of the quantitation ion of the internal standard (phenanthrene-d 10 ).
8.4 Calculate a response factor (RF c ) for each target compound and the surrogate compound in each calibration solution as follows:
where A c = GC peak area of the quantitation ion for the target compound or surrogate compound;
C i = concentration of the internal standard, in nanograms per microliter;
C c = concentration of the target compound or surrogate compound, in nanograms per microliter; and A i = GC peak area of the quantitation ion for the internal standard.
8.5 See table 2 for the respective quantitation ions and internalstandard reference used in these calculations. Use of the quantitation ions and internal standard specified is mandatory.
8.6 Initial calibration data acquired using a new capillary column and fresh calibration solutions are acceptable if the relative standard deviation is less than or equal to 35 percent for response factors calculated across the 8.7 Subsequent daily response factors calculated for each compound need to agree within ± 20 percent of the average response factor for the target compound of interest. Analyze at least one calibration solution daily.
8.8 The latest response factors calculated can be added to prior response factors and a new average response factor calculated, provided the latest data meet the criteria given above and the relative standard deviation for all of the response-factor data is less than or equal to 35 percent. 8.9 Calibration-curve fitting routines also can be used, provided back calculation of the calibration-standard concentration agrees within ± 20 percent of the expected value.
Procedure
9.1 Set up the solid-phase-extraction vacuum manifold as shown in figure 1. Attach the SPE cartridges to the Luer-Lok fittings and twist counterclockwise to open the fittings. Preclean the SPE cartridges by rinsing with 3 mL of the elution solvent (hexane-isopropanol 3:1). Allow the solvent to drain by gravity, and then completely remove all solvent from the cartridge by either nitrogen positive pressure or vacuum. The clean cartridges can be stored in 40-mL glass vials until used.
9.2 Set up the solid-phase-extraction pumping apparatus as shown in figure 2. Rinse the Teflon-PFA tubing, pump, and in-line filter (if used) with methanol:water (1:1). Turn on the pump, and adjust the flow rate of the pump to 20 to 25 mL/min using a graduated cylinder to measure the volume through the SPE cartridge. Ensure there are no leaks in any of the fittings and that the sample bottle is vented to prevent negative pressures and bubbles from forming during sample pumping. If an in-line filter is used, flush all air from the lines before attaching the filter, otherwise air pockets will prevent flow through the filter, and the connections will leak. 9.3 Immediately before sample extraction, condition a SPE cartridge with 3 mL of methanol followed by 3 mL of reagent water by allowing the solvents to drain through the cartridge by gravity. About 10 minutes is required to allow the methanol and water to drip through the cartridge. Important: The SPE cartridge bed needs to be completely covered with methanol or water at all times once conditioning (or sampling) has begun. Figure 1 .--Solid-phase-extraction (SPE) vacuum manifold.
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9.4
Weigh the sample bottle to three significant figures, and record the gross sample weight. Add the methanol conditioner (1 percent of the sample volume) to the sample, and record the initial sample weight. Add a 50-µL aliquot of the terbuthylazine surrogate (5 ng/µL) using a micropipette with a disposable glass capillary. Swirl the sample in the bottle to thoroughly homogenize.
9.5
Place the inlet end of the Teflon-PFA tubing into the sample container, and turn on the pump to displace all air from the tubing. Attach the in-line filter (optional) and then the SPE cartridge, and begin collecting the sample that is pumped through the cartridge. Ensure that there are no leaks or sources of bubbles in the system. Small bubbles might form as the sample is pumped through the tubing, but they will not cause any problems if they accumulate in the pump head or filter unit. Large air bubbles are a problem because they can displace the methanol conditioner in the cartridge. 9.6 Pump all of the sample through the SPE cartridge, and turn off the pump when completed. Disconnect the cartridge from the pump system, and remove residual interstitial water with a positive pressure of air. Weigh the extracted sample collected, and record the final weight of the sample processed through the cartridge. Discard the extended sample, weigh the empty sample bottle, and record the tare weight.
CERAMIC-PISTON
9.7 Rinse the pump and Teflon-PFA tubing with 50 mL methanol: water (1:1) to prepare for the next sample.
9.8 Attach a universal adapter to the large, open end of the SPE cartridge, then attach the adapter to the male Luer-Lok fitting on the gaspressure module of the solid-phase-extraction vacuum manifold ( fig. 1) , and then dry the cartridge using a positive pressure (69 kPa for 15 minutes) of high purity carbon dioxide to remove all interstitial water. High purity nitrogen gas also can be used to dry the cartridge, but the necessary gas pressure and drying time will need to be determined. 9.8.1 Elute the analytes by attaching a syringe needle to the LuerLok end of the SPE cartridge, positioning the needle and cartridge above a 1.8-mL vial ( fig. 3) , and then adding 1.8 mL of the elution solvent to the cartridge and allowing the solvent to drain by gravity into the vial (about 5 minutes). Air pressure (using a 50-mL glass syringe) can be used to force any interstitial solvent remaining in the cartridge into the vial. 9.8.2 Concentrate the eluant in the 1.8-mL vial to about 100 µL under a gentle stream of nitrogen. At no time should the eluant be allowed to go dry, because this might result in loss of analytes. Add a 10-µL aliquot of the 5-ng/µL PAH internal-standard solution to the eluant, and extract 100 µL of the eluant into a 100-µL vial for GC/MS analysis.
Calculation and reporting of results
Sample analysis and data evaluation
Ensure that GC/MS conditions for the analysis of the target compounds in sample extracts are the same as those used in the analysis of the calibration solutions. Prior to the analysis of any sample extracts, ensure that the PFTBA mass-spectral performance criteria have been met, and that the target-compound calibration data conform to the criteria in paragraph 7.2. In addition, optimize the system so the reporting level for each target compound can be achieved. Inject 2 µL of the sample extract and acquire data using the GC/MS conditions described in paragraph 4.1.13. 
1.8-milliliter vial
where R T = expected retention time of the target compound or surrogate compound;
RRT c = relative retention time of the target compound or surrogate compound; and RT i = uncorrected retention time of the quantitation ion of the internal standard.
10.2.2 Mass-spectral verification for each target compound is done by comparing the relative integrated abundance values of the three significant ions monitored with the relative integrated abundance values obtained from calibration solutions analyzed by the GC/MS according to procedures given in paragraph 8. The relative ratios of the three ions need to be within ± 10 percent of the relative ratios of those obtained on injection of a 1-ng calibration solution.
10.3 Quantitation 10.3.1 If a target compound has passed the qualitative identification criteria above, calculate the concentration in the sample as follows:
where C = concentration of the target compound or surrogate compound in the sample, in micrograms per liter;
C i = mass of the corresponding internal standard, in micrograms per sample;
A c = area of the quantitation ion for the target compound or surrogate compound identified; RF c = factor for each target compound or surrogate compound calculated above;
A i = area of the quantitation ion for the internal standard; and W = weight of the sample extract, expressed in milliliters (1.0 g = 1.0 mL).
10.3.2
The percent recovery of the surrogate compound is calculated as follows:
where R = percent of recovery of the surrogate compound;
C i = concentration of the corresponding internal standard, in nanograms per sample;
A c = area of the quantitation ion for the surrogate compound; RF c = response factor for the surrogate compound;
A i = area of the quantitation ion for the internal standard;
C s = concentration of the surrogate compound in the surrogate standard solution added to the sample, in nanograms per microliter; and V s = volume of the surrogate standard solution added to the sample, in milliliters.
Reporting concentrations
Report concentrations of organonitrogen herbicides as follows: If the concentration is less than the detection limit listed in table 2, report the concentration as less than the detection limit; if the concentration is greater than the detection limit, report the concentration to two significant figures.
METHOD PERFORMANCE
A reagent-water sample, a surface-water sample collected from the South Platte River in Colorado, and a ground-water sample collected in Jefferson County, Colo. (Arvada Well No. 14) were used to test the method performance. Each of the three samples was split into two subsamples. One set of three subsamples was fortified with 0.2 µg/L of each analyte and the other set of three subsamples was fortified with 2.0 µg/L of each analyte. Seven 100-mL aliquots of each of the six subsamples were analyzed in one laboratory (the National Water Quality Laboratory) using one GC/MS. Accuracy and precision data from the analyses are presented in tables 3-8.
With these data, a method detection limit (MDL) was calculated for each analyte using the formula:
where S = standard deviation of replicate analyses (micrograms per liter) at the lowest concentration; and n = number of replicate analyses.
t (n-1, 1-alpha = 0.99): Student's t value for the 99 percent confidence level with n-1 degrees of freedom (Eichelberger and others, 1988) . The mean accuracies (recoveries) of the analytes were sample-matrix and concentration dependent. The mean accuracy of the analytes determined at 0.2 µg/L was 89 percent in reagent water (table 3), 103 percent in surface water (South Platte River) (table 5), and 93 percent in ground water (Arvada Well No. 14) (table 7). The mean accuracies of the method analytes determined at 2.0 µg/L were significantly less than at 0.2 µg/L (p < 0.001, Mann-Whitney nonparametric test for two groups). The lesser recoveries at higher concentrations could be the result of problems with adding the 2.0 µg/L concentration solution mixture to the water samples. The relative concentration of water-immiscible solvent in the 2.0-µg/L concentration solution mixture was 69 percent, compared to 25 percent in the 0.2-µg/L samples. Solvent rinses of the sample bottles after the sample was pumped through the cartridge might help determine if sorption losses to the sample container was the cause of the lesser recoveries in the 2.0-µg/L concentration solution mixture.
The method is ideally suited for using automated laboratory systems for sample preparation. Preliminary testing of the method, with minor modifications, has been conducted using a Waters Millilab Workstation. The modifications included use of nitrogen, rather than carbon dioxide as a drying gas, and use of Waters Sep-Pak cartridges, rather than the Analytichem cartridges. The results indicated no significant differences in recovery of the 23 herbicides and 2 metabolites compared to the manual method described in this report.
CONCLUSIONS
From the data presented, SPE with GC/MS in SIM is an efficient and accurate method for determination of organonitrogen herbicides in environmental water samples. Recoveries averaged 80 to 115 percent for the 23 herbicides and 2 metabolites in a reagent-water sample and 2 natural-water samples fortified at levels of 0.2 and 2.0 micrograms per liter. The MDLs, based on a 100-mL sample size, range from 0.015 to 0.252 microgram per liter, and are dependent on sample matrix and specific herbicide.
